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Recent studies of blood oxygenation level depen-
dent (BOLD) signal responses averaged over a re-
gion of interest have demonstrated that the re-
sponse is nonlinear with respect to stimulus
duration. Specifically, shorter duration stimuli pro-
duce signal changes larger than expected from a
linear system. The focus of this study is to charac-
terize the spatial heterogeneity of this nonlinear ef-
fect. A series of MR images of the visual and motor
cortexes were acquired during visual stimulation
and finger tapping, respectively, at five different
stimulus durations (SD). The nonlinearity was as-
sessed by fitting ideal linear responses to the re-
sponses at each SD. This amplitude, which is con-
stant for different SD in a linear system, was
normalized by the amplitude of the response to a
blocked design, thus describing the amount by
which the stimulus is larger than predicted from a
linear extrapolation of the response to the long du-
ration stimulus. The amplitude of the BOLD re-
sponse showed a nonlinear behavior that varied con-
siderably and consistently over space, ranging from
almost linear to 10 times larger than a linear predic-
tion at short SD. In the motor cortex different non-
linear behavior was found in the primary and sup-
plementary motor cortexes.

Key Words: BOLD fMRI; linearity; stimulus duration;
visual; motor.

INTRODUCTION

A primary goal in functional MRI (FMRI) is the
accurate characterization of underlying neuronal ac-
tivity from the measured signal changes. The most
widely used technique for FMRI is gradient-echo im-
aging involving the use of blood oxygenation level de-
pendent (BOLD) contrast to measure the hemody-
namic changes accompanying neural activation. An
increase in neuronal activity leads to a localized in-
crease in blood flow and blood volume. As a result,
oxygen delivery to the activated region is increased,
817
causing changes in the local concentration of deoxyhe-
moglobin, to which the magnetic resonance signal is
sensitive. The spatial mapping and measurement of
the dynamic activity of neurons in the brain therefore
requires a thorough understanding of the hemody-
namic changes that relate the neuronal activity to the
measured BOLD signal.

An important step in characterizing the relationship
between the neuronal firing and measured FMRI sig-
nal is to assess the linearity of the measured BOLD
signal in response to neural stimulation. Linearity is
presumed in many analysis procedures and the deter-
mination of any deviation from this linearity is crucial
in a more precise quantitation of neuronal activity. A
linear time-invariant system needs to obey two basic
principles—scaling and superposition. Scaling dictates
that inputs that are scaled versions of one another
produce responses related by the same scaling factor.
Superposition dictates that the response to a sum of
inputs is equal to the sum of the responses to each
individual input. In particular, the response to a longer
duration stimulus must be equal to the sum of re-
sponses to several shorter duration stimuli. Several
recent studies have shown that the BOLD response
does not obey superposition for certain stimuli (Boyn-
ton et al., 1996; Friston et al., 1998; Vazquez et al.,
998). More precisely, studies have shown that while
onger duration stimuli behave in an approximately
inear fashion, short duration stimuli produce re-
ponses larger than predicted from a linear model. In a
tudy of the visual system, Boynton et al. found that

responses to a flashing checkerboard presented for 12
and 24 s was predicted from the linear combination of
the response to 6-s checkerboard presentation. How-
ever, using the response of 3-s duration stimuli over-
estimated the response to the longer stimulus duration
(Boynton et al., 1996). This effect was directly investi-
gated by Vazquez and Noll, who modeled the nonlin-
earity as the result of two cascaded filters—one to
represent the linear time invariant properties of the
BOLD response, and the second to absorb any varia-
1053-8119/01
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818 BIRN, SAAD, AND BANDETTINI
tions in amplitude, width, and delay for different du-
ration stimuli (Vazquez et al., 1998). In a similar study,
Friston et al. modeled the nonlinearity using Volterra
series, a more generalized form of the convolution to
describe some of the nonlinear features of the BOLD
signal (Friston et al., 1998). Both of these studies found
the response of short duration stimuli to be slightly
narrower and larger in magnitude than predicted from
a linear model. These studies were followed by others
investigating the effect at higher field strengths (Ances
et al., 2000), higher resolution (Pfeuffer et al., 2000),
nd higher order visual processing centers, such as the
ateral occipital cortex (Kushnir et al., 1999). All of
hese studies detected and analyzed this effect by av-
raging the BOLD response over large regions of inter-
st, such as all activated voxels. The purpose of this
tudy is to examine the spatial variation of this non-
inear effect.

The observed FMRI response to a stimulus is the
esultant of two cascaded responses. The stimulus first
riggers a neural response, which in turn triggers a
emodynamic response that is monitored by FMRI.
hus, the nonlinearity of the BOLD signal could arise

rom either a nonlinearity in the neuronal response, a
onlinearity in the hemodynamics, or both. Studies
ave shown that in certain cases the neuronal response

s not linearly related to the stimulus duration. Visual
timuli presented with a step function time course, for
xample, cause neurons to fire rapidly with the onset of
he stimulus followed by a lower firing rate. This lower
ring rate is still higher than that observed during
est. Albrecht et al. reported that the neuronal re-
ponse of the cat striate cortex during sustained high
ontrast stimuli decayed from a peak response to a
ustained plateau response (Albrecht et al., 1984). The
xponential fit of the decay had a time constant be-
ween 0.5 and 2.0 s. Bonds et al. found that neuronal

response gain adjustment occurs with longer time con-
stants, typically 5–7 s but as brief as 3 s (Bonds, 1991).
Maddess et al. estimated a ratio of 3:1 for the change in
the firing rate between the stimulus onset and 6 s
poststimulus onset (Maddess et al., 1988). Due to func-
tional specialization of different brain areas, different
regions of the brain could behave quite differently to a
stimulus, with varying degrees of this nonlinear depen-
dence on the stimulus duration. Recent evidence sug-
gests that the nonlinearity may also arise from the
complex hemodynamics involved in producing the
BOLD signal. Miller and coworkers, for example, found
that in certain brain areas, the blood flow, as measured
by arterial spin labeling MRI techniques, was linear
whereas the BOLD response was nonlinear (Miller et
al., 1999). This suggests that the nonlinearities in the
BOLD signal are due to the additional hemodynamic
factors linking blood flow changes to the BOLD re-
sponse, such as blood volume, oxygen extraction, and
metabolism. Vazquez et al. suggested that these non-
linearities may be caused by dynamic changes in blood
volume (Vazquez et al., 1998), since these changes have
been shown to have different temporal dynamics (Bux-
ton et al., 1998; Mandeville et al., 1999). These hemo-
dynamic nonlinearities would add to any neuronal non-
linearities present in the system, making the
determination of variations in neuronal activity diffi-
cult. The potential of spatial variation in these hemo-
dynamic factors and the neuronal response motivates
the study of spatial variations in the nonlinearity of the
BOLD signal. In this paper we quantified the spatial
heterogeneity of the BOLD signal nonlinearity and
analyzed the correlation between the nonlinearity and
commonly used indicators of voxel vascular architec-
ture.

METHODS

Model

In this study, two measures of nonlinearity are con-
sidered. In the first measure, the degree of nonlinearity
is assessed by computing the ratio of the area under
the BOLD response (the “output”) to the area of the
input stimulus. In a linear system, this value is con-
stant for different stimulus durations. In the second
model, the nonlinearity is assessed by comparing the
amplitude of the measured response to the amplitude
expected from a linear system. In this case, the non-
linearity of the BOLD signal, sx(t), is modeled as an
additional multiplicative factor, fx(SD), varying with
the stimulus duration but constant across time, affect-
ing the amplitude, a, of the ideal linear response, r(t),

sx~t! 5 @ax z fx~SD!#r~t! 1 baseline 1 noise (1)

The goal of a typical FMRI experiment is to determine
the activation amplitude, ax, across the brain. Because
of the nonlinearity, the measured activation amplitude
is scaled by an additional factor that depends on the
stimulus duration. By assuming a linear response, one
underestimates the activation amplitude to brief stim-
uli. From previous studies it is expected that this factor
is equal to one for large stimulus durations, and in-
creases for shorter stimulus durations. These factors
were estimated from signals averaged over regions of
interest containing multiple activated voxels. How-
ever, this scaling factor may vary across space, depend-
ing on variations in the neuronal response, the vascu-
lar structure, neurovascular coupling, or all three. In
terms of the above model, the goal in this study is to
map this additional scaling factor across space.

Experimental Design
The linearity of the response with respect to stimu-

lus duration (the “ON” period) was assessed in two
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tasks—a motor task consisting of bilateral finger tap-
ping and a visual task where the subject passively
viewed an 8 Hz contrast reversing checkerboard, fixat-
ing on its center during the “ON” period and fixating on
a fixation cross presented during the “OFF,” or rest,
period. In the motor task, the subject performed finger
tapping during the presentation of a visual cue, con-
sisting of either a contrast reversing checkerboard or
light from an incandescent lamp turned on for the
duration of the task period. Subjects were instructed to
maintain a constant rate of finger tapping within each

FIG. 1. Left: Measured (a) and ideal linear (b) BOLD response
20 s duration. Right: Measured (c) and ideal linear (d) responses
duration. Measured and ideal linear responses are also shown sup
linear system.

FIG. 2. The amount by which the amplitude (top) and the area (
response from a linear system, determined by a linear extrapolation
curves are averaged over all activated voxels. Left: Nonlinearity in
run and between runs and were paced by an external
auditory cue present during both ON and OFF periods.
Even though the motor task contained a visual compo-
nent, slices were acquired only through the motor cor-
tex, and therefore contained primarily activity result-
ing from the finger tapping. Both tasks were performed
at four different stimulus durations. The visual stimuli
were presented at durations of 250, 500, 1000, and
2000 ms; and the finger tapping was performed at
durations of 500, 1000, 2000, and 4000 ms. During
each scan run, twenty repetitions of each stimulus

fter visual stimulation of 250 ms, 500 ms, 1000 ms, 2000 ms, and
r finger tapping of 500 ms, 1000 ms, 2000 ms, 4000 ms, and 20 s

imposed. Short duration stimuli are larger than predicted from a

tom) of the responses are larger at each stimulus duration than the
the responses at the blocked design. In this figure, the nonlinearity
visual cortex; Right: Nonlinearity in the motor cortex.
s a
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were presented once every 16 s. Images were also ac-
quired in a blocked trial paradigm, alternating eight
20-s periods of stimulation with eight 20-s periods of
rest for a total duration of 320 s. Three subjects were
studied for each task using an approved protocol.

During these tasks, a series of 320 echo-planar images
(EPI) were acquired on a 3T GE Signa (Waukesha, WI)
magnet, equipped with a local birdcage RF coil (Medical
Advances, Milwaukee, WI). Eight axial slices with a
24-cm field of view and 5-mm slice thickness were used to

FIG. 3. The nonlinearity (top), activation amplitude (middle), an
contrast reversing checkerboard stimulus. Nonlinearity was assesse
variation in the nonlinearity is evident, but does not appear to be c

FIG. 4. Nonlinearity of the BOLD response in one slice of the vi
for different durations. The amount by which the response is greater
two voxels. Responses are larger at shorter stimulus durations than
for the corresponding voxels are shown on the right. A histogram of co
in the nonlinearity is observed across space.
cover the visual cortex during the visual task and the motor
cortex during the finger tapping task. (TR: 1000 ms, TE: 30
ms, matrix size: 64 3 64). The entire experiment, consisting
of five 320-second runs, was performed twice in one scan-
ning session to assess the repeatability of the nonlinearity
measure. For localization, a set of higher resolution T2*-
weighted gradient echo images were also acquired.
These T2*-weighted images allow visualization of
small veins which appear black due to their very short
T2* relative to the surrounding tissue at 3T.

atency (bottom) for three slices in the visual cortex assessed with a
om the activation amplitude relative to a linear prediction. Spatial
lated with either magnitude or latency.

l cortex in response to a contrast reversing checkerboard presented
an a linear model at each stimulus duration is shown as a curve for
dicted from a linear system. Averaged responses to the brief stimuli
uted nonlinearities is shown on the bottom. A considerable variation
d l
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orre
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An ISI of 16 s was chosen for the event-related
paradigm in order to increase the number of stimuli
presented and thereby improve the estimate of the
activation amplitude. A concern with this design,
however, is that the poststimulus undershoot may
not fully recover in 16 s, thereby confounding the
amplitude measure from successive stimulation. A
spatial variation in the linearity may therefore be
influenced by spatial variations in the poststimulus

FIG. 5. The nonlinearity (top), activation amplitude (middle), and
bilateral finger tapping task. Nonlinearity was assessed from the a

he nonlinearity is evident, but does not appear to be correlated wit

FIG. 6. Nonlinearity of the BOLD response in one slice of the m
The amount by which the response is greater than a linear model at
primary and one in the supplementary motor area. Responses are la
Averaged responses to the brief stimuli for the corresponding voxels a
on the bottom. A considerable variation in the nonlinearity is obser
primary and supplementary motor areas.
undershoot. To address this issue, finger tapping and
visual stimulation were repeated in three subjects
with an ISI of 30 s (TR: 1000 ms, TE: 30 ms, 330
repetitions). Several studies indicate that the BOLD
response has recovered sufficiently in this time (Fris-
ton et al., 1998; Glover, 1999; Vazquez et al., 1998).
The estimated activation amplitudes and computed
nonlinearities with the longer 30 s ISI were com-
pared to the results obtained with a 16-s ISI.

ency (bottom) for three axial slices in the motor cortex assessed with
vation amplitude relative to a linear prediction. Spatial variation in
ither magnitude or latency.

r cortex in response to various durations of bilateral finger tapping.
ch stimulus duration is shown as a curve for two voxels—one in the

at shorter stimulus durations than predicted from a linear system.
shown on the right. A histogram of computed nonlinearities is shown

across space. Note the difference in the nonlinearity between the
lat
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822 BIRN, SAAD, AND BANDETTINI
Processing

After reconstruction, images were registered to cor-
rect for movement artifacts. First, the series of slice
images within each run were registered to the fifth
acquired slice image. This reduced motion artifacts
during one scan run. However, since the signal changes
are compared across runs, an additional registration
was performed across runs. To do so, each 3-dimen-
sional volume, consisting of all the different slices, was
registered to the fifth volume of the first run. To obtain
the first measure of nonlinearity, the area of the BOLD
response was obtained by computing the area under
the FMRI response averaged over all stimulation ep-
ochs. This average response was computed by decon-
volving the signal using the stimulus timing. This pro-
cess of deconvolution also estimates the baseline. The
deviation from this baseline is used to compute the
area under the FMRI response. The area of the input
(the stimulus) is directly proportional to the stimulus
duration. Therefore, the area of the averaged response
was divided by the stimulus duration to produce a
measure of linearity—the output of the system for a
given level of input. To obtain the second measure of
nonlinearity, the activation amplitude in each voxel
was determined by correlating the signal response
with an ideal reference function. This function was
obtained by convolving a gamma-variate function (with
parameters according to Cohen et al. (1997)) with the
timulus timing, and hence represents the ideal linear
esponse at a particular stimulus duration. To deter-
ine both the magnitude and the latency of the re-

ponse, multiple reference functions with varying de-
ays were generated. For each voxel, the response
atency and magnitude was obtained from the refer-
nce function that resulted in the best fit.
For each voxel, the area or the amplitude of the

esponse as function of stimulus duration was deter-
ined, and normalized by the area or amplitude of the
MRI response to a blocked-design, respectively. The
ormalized measures indicates how much larger the
easured response is compared to that of a linear

ystem. Without this normalization, differences in the
urve representing the nonlinearity would simply re-
ect differences in the amplitude of activation in dif-
erent brain regions. To map the nonlinearity across
pace, these curves were reduced to one number. This
as accomplished by computing the area under the
onlinearity curve. Additionally, spatial variations in
he nonlinearity can be observed by looking at the
ormalized activation amplitudes or areas at each of
he stimulus durations.

The measure of nonlinearity in voxels with signifi-
ant activation was correlated with the activation am-
litude and latency computed from the blocked trial
esign. Only voxels that were significantly activated in
he blocked design, with a correlation coefficient of 0.5
orresponding to a Bonferroni corrected P value of 1 3

10215, were used in the correlation. The same mask was
applied to the functional maps from all stimulus dura-
tions.

The accuracy of the nonlinearity measure, shown as
the error bars in Figs. 4 and 6, was evaluated by
computing the standard error of the magnitude esti-
mate at each stimulus duration. This standard error is
obtained by dividing the fit amplitude by the t statistic,
and scaling the result by the number of standard de-
viations corresponding to a P value of 0.05. This is
equivalent to computing the covariance matrix of the
regressor, and scaling the result by the standard devi-
ation of the residual. Additionally, the reliability and
repeatability of the nonlinearity measure was assessed
by comparing the values obtained for the two succes-
sive runs. Only those voxels showing significant acti-
vation in the blocked design of both runs were com-
pared.

RESULTS

In agreement with previous studies, the BOLD re-
sponse is found to be nonlinear, with activation ampli-
tudes larger than predicted from a linear model at
shorter stimulus durations. This is illustrated in Fig. 1,
which shows for each stimulus duration, the BOLD
response averaged over all stimulation epochs and ac-
tivated voxels and the responses predicted from a lin-
ear system. Note that the response to the 250 ms visual
stimulus is approximately the same amplitude as the
response to the 500 ms stimulus. This violates the
additive property for linear systems. The amount by
which the area and the magnitude of the responses at
each stimulus duration is larger than expected from a
linear model is shown in Fig. 2 for both the visual and
motor tasks.

Next, the degree to which nonlinear behavior varied
over space is examined. Figures 3 and 5 show the
degree of nonlinearity, as measured by the area under
the amplitude of the responses versus the stimulus
duration, for both the visual and motor cortexes, re-
spectively. For comparison, spatial maps of the magni-
tude and latency of the signal changes are shown. Note
how the nonlinearity varies considerably over space for
both visual (Fig. 3) and motor tasks (Fig. 5). Figure 4
shows how in some brain regions the response to a
250-ms visual stimulus is eight times larger than pre-
dicted by a linear model (obtained on a per-voxel basis
from the blocked design), whereas in other areas it is
only twice as large (see Fig. 4). Similarly, the nonlin-
earities in response to the motor task show a large
range of variance (Fig. 6). However, there appears to be
distinct differences between the degree of nonlinearity
in the primary and supplementary motor areas. Figure
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6 shows the averaged responses to each stimulus du-
ration from voxels in SMA and voxels in Primary Motor
cortex. Note that while responses in both areas are

FIG. 7. Nonlinearity for multiple voxels computed from an ex-
periment with a 16-s interstimulus interval (ISI) compared to the
nonlinearity computed from an experiment with a 30-s ISI. Similar
measures of nonlinearity are obtained in both studies (correlation
coefficient 5 0.759).

FIG. 8. Values of computed nonlinearity vs magnitude (a, c) and
the motor cortex (right: c, d). The nonlinearity measure used here is
vs the stimulus duration curve. No significant correlation between n
nonlinear, the manifestations of the nonlinearity are
different. The responses in the supplementary motor
cortex are almost the same amplitude regardless of the
stimulus duration. Similar measured activation ampli-
tudes and computed nonlinearities were obtained by
using an ISI of 30 s instead of 16 s. Figure 7 shows a
high correlation between the two nonlinearity mea-
sures obtained with different ISI (correlation coeffi-
cient 5 0.759).

The correlation between the response nonlinearity
and the underlying vascular architecture was consid-
ered by examining the nonlinearity measures as a
function of response latency and response amplitude.
Response latency and percent signal change have been
surmised to discriminate between signals from large
veins (with large percentage signal change and long
latency) and small vessels (with small percent signal
change and short latency) (Lee et al., 1995). Figure 8
shows the measure of nonlinearity (computed from the
area under the amplitude vs stimulus duration curve)
versus the amplitude of the response (top) and the
latency of the response (bottom) for both the visual and
motor tasks. The nonlinearity is not significantly cor-
related with either response amplitude or latency at a
P value of 0.01. The variability of the nonlinearity
measure is larger at smaller activation amplitudes,

latency (b, d) for activated pixels in the visual cortex (left: a, b) and
area under the activation amplitude (relative to a linear response)

linearity and latency or magnitude is seen (at a P value of 0.01).
vs
the
on
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824 BIRN, SAAD, AND BANDETTINI
which is to be expected since the measure of nonlinear-
ity is normalized by the activation amplitude in the
blocked-trial design. In addition, we found no distinct
correlation between the regions of higher and lower
nonlinearity and the location of veins detected in the
T2*-weighted anatomical scan.

To assess whether the observed spatial variance in
nonlinearity was an artifact of the spatial variance of
FMRI noise, we compared the nonlinearity measures

FIG. 9. Computed nonlinearity (as measured by the amplitude o
same subject for the visual stimulation experiment (left) and the mot
values for both runs. The measure of nonlinearity is consistent an
instead of the magnitude was equally reproducible.

FIG. 10. Response magnitude versus the latency for activated v
here is no clear correlation between the latency and the magnitude
across two scan repetitions. Figure 9 shows scatter
plots of the nonlinearity measures for each voxel in the
first scan versus the corresponding voxel in the second
scan. Note the high correlation between repeated mea-
surements (significant at a P value of 0.001), which
ndicates that the variability of the nonlinearity is not
n artifact of noise. Using the area under the averaged
esponses instead of the amplitude at each stimulus
uration was equally reproducible.

e response compared to a linear model) in two separate runs in the
ask (right). The line indicates the ideal case of identical nonlinearity
producible for both tasks. Using the area of the average response

ls in the visual cortex (left) and the motor cortex (right). Note that
the response.
f th
or t
d re
oxe
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DISCUSSION

The nonlinearity of the FMRI BOLD response to
varying stimulus durations has previously been stud-
ied and characterized only over large regions of inter-
est (ROI). This study demonstrates that this nonlin-
earity varies substantially and consistently over the
ROI. At a visual stimulation of 500 ms, the response
magnitude varied from being close to what is predicted
from a linear extrapolation of the response to longer
duration stimuli to being over 10 times as large. A
similar range of spatial variability in the nonlinearity
was observed in the motor cortex.

The difference between the linearity of the BOLD
response in the primary motor area and the supple-
mentary motor area is particularly interesting, since it
likely reflects the functional difference between the two
areas. The supplementary motor area is generally re-
sponsible for planning of motor tasks, whereas the
primary motor area is responsible for the execution of
the task (Rao et al., 1993; Roland et al., 1980; Samuel
et al., 1998). For different duration stimuli, these data
suggest that the execution of the movement is differ-
ent, but that the planning for this movement is quite
similar. In another recent study, Nakai et al. also found
different responses in the supplementary and primary
motor areas following finger tapping, but for much
longer stimulus durations of 10-, 20-, and 30-s dura-
tions (Nakai et al., 1999). In our study, however, one
cannot rule out that potential differences in the vascu-
lature may account for such a finding.

The nonlinearity of the response in the visual cortex
is not as distinctly clustered as the nonlinearity ob-
served in the motor regions. An initial concern was
that the observed variations were dominated by noise
in the estimation of the activation amplitude or the
area of the response. However, the spatial patterns of
nonlinearity distributions were repeatable indicating
that these distributions are not an artifact of FMRI
noise.

Since the subject was simply cued by visual stimulus
to perform the motor task, and since the actual dura-
tion of the finger tapping was not recorded, it is likely
that the duration of the finger tapping is not precisely
equal to the cued duration. While this affects the com-
puted nonlinearity of the response, it does not affect
the measure of the spatial variation of this nonlinear-
ity. The nonlinearity would be erroneously scaled by
the same factor everywhere in space.

No correlation between the measures of nonlinearity
and indicators of vascular architecture were found.
This seems to suggest that the nonlinearities are not of
vascular origins. However, it is possible that the vas-
cular indicators are not very specific at separating
large from small blood vessels. In fact, Fig. 10 shows no
clear trend or correlation between response latency
and response amplitude. Given existing models, the
hemodynamics can explain the presence of these non-
linearities (Buxton et al., 1998; Friston et al., 2000;
Mandeville et al., 1999). Direct measurement of hemo-
dynamic factors, such as blood flow and blood volume,
in conjunction with the BOLD signal will corroborate
this model and illuminate to what extent the interac-
tion of hemodynamic factors play a role in producing
this nonlinearity and its variation across space.

CONCLUSION

This study expanded on several recent studies on the
nonlinearity of the BOLD signal at short stimulus du-
rations by examining the spatial variation of this ef-
fect. The nonlinearity was found to vary substantially
but consistently across voxels. The measures of nonlin-
earity were not correlated with the vascular architec-
ture as classified by the magnitude and the latency of
the BOLD response. In the motor task, the nature of
the nonlinearity differed between SMA and Primary
motor cortex, suggesting possible a neuronal contribu-
tion to the nonlinearity of the BOLD response. Future
studies will delve further into determining the origin of
the nonlinearity and the source of its variation over
space by acquiring measures of blood flow and blood
volume, fitting the responses to models of hemodynam-
ics, and studying the FMRI BOLD response to stimuli
where the neural response is well understood.
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